I. INTRODUCTION
The role of efficiency of detectors in the EPR-Bohm experiment (Bohm, 1951; Einstein et al., 1935) has been the object of continuous investigations during the last thirty years, as the only widely acknowledged way to obtain with a local realistic model the rotationally invariant sinusoidal curve predicted by Quantum Mechanics, yielding a violation of CHSH-Bell inequality (Bell, 1964; Clauser et al., 1969) with a S > 2, is to allow for non ideal detection.
1 The main difference between existing experiments and local realistic models thus based on inefficiency is the status of the fair sampling assumption. On one hand, in order to assess that a violation of Bell inequality has occurred, all EPR-Bell experiments with photons 2 are interpreted assuming fair sampling, as it is taken to be both a reasonable and experimentally untestable assumption. On the other hand, this very assumption is precisely false in all existing local realistic models based on inefficiency. Yet, these models are supposed to be only ad hoc, designed to show that a violation of Bell inequality is possible in principle, but usually without any claim for relevance with physical reality.
The purpose of this article is to question this fair sampling assumption and to propose a lecture of these local realistic models in such a way that they becomes physically appealing as a local realistic explanation of the observed experimental results, by shifting the detection loophole from the detectors to the two-channels analyzers. We will show that for a very straightforward * Pre-doc fellowship of EU-Network "QP and Applications"; Electronic address: guillaume.adenier@msi.vxu.se † Electronic address: andrei.khrennikov@msi.vxu.se 1 Some references on recent attempts to explain EPR-Bohm type correlations with local realistic models based on other loopholes than efficiency can be found in (Khrennikov, 2002) . 2 A recent experiment with massive particles (Rowe et al., 2001) did reach nearly perfect detection efficiency, but at the cost of letting the locality loophole open.
physical model, the contextual probabilities (Khrennikov, 2001 ) governing the possible measurement results for the particles are also important for the particles that remain undetected, and that this behavior can actually be used to test the fair sampling assumption.
II. A SIMPLE LOCAL HIDDEN-VARIABLE MODEL BASED ON DETECTION LOOPHOLE
The model is a simple variant of the one that has been used many times since the seventies (Pearle, 1970) , and until recently (Hofer, 2001; Larsson, 2000; Thomspon and Holstein, 2002) . Basically, each particle is provided with an internal parameter λ-a polarization-that can take any value in the interval [0, 2π] . The particles issued from one pair share the same polarization. The fate of a particle incoming in an analyzer orientated along the direction ϕ is determined by the difference α = |λ − ϕ| :
• If α is close to 0 modulo π the particle goes into the channel labelled +1.
• If α is close to π/2 modulo π, the particle goes into the channel labelled −1.
As such, the model is incapable of providing any better than the saw tooth, whatever is meant here by "close" and whatever the polarization distribution of the pairs of particles. However, if there exist a third channel, labelled 0, corresponding to a non detection, things can change. Measurements that tends to flatten the curve to a saw tooth can be discarded, thus yielding to a S greater than 2, up to 4. The particles that must remain undetected for this purpose are the ones for which α ≃ π/4 + k.π/2, while any other choice of undetected particles would lead to flatten the correlation curve to a saw tooth, that is to no violation of Bell inequalities.
We may refer conveniently thereafter to the particles for which α ≃ π/4 + k.π/2 as shaky particles. We chose the term shaky since for that kind of particle a small perturbation of its polarization λ would be able to induce a change in the channel the particle would choose if it was to be detected. Note that this shakiness is not a property of the particle in itself since it depends on the relative angle α: it is but a quick way to label a class of particle in the context of a given analyzer. The measurement result on a shaky particle being sensitive to noise, discarding these shaky particles could therefore explain why the correlations observed with entangled states are said to be stronger than would allow a classical description: each time the correlation is not strong, i.e. each time a small amount of noise would yield a different correlation, the measurement is discarded. Similarly the strength of the correlation is not an absolute attribute of the pair of particles, it is relative to the shakiness of both particles, that is relative to the context encountered by the pair of particles.
We performed a first numerical simulation in the case were both particles from a same pair share exactly the same polarization λ. The observed correlation is reproduced in Fig. 1 . This unrealistic correlation function can be smoothed very close to a cosinus simply by slightly breaking the alignment of the polarization of particles, with a gaussian distribution centered on perfect alignment. The result is shown in Fig. 2 , with a visibility of 0.98, and a raw violation of CHSH-Bell inequality by S = 2.70, for a little more than 20% pairs rejected. Note that a good agreement with Quantum Mechanics is obtained here with unsharp polarization correlations of particles and sharp boundaries for the channels in the analyzer, but it should be possible to proceed the other way round and get the same result.
III. COMPARING STERN-GERLACH WITH POLARIZER BEAMSPLITTERS
The question arising is then where this rejection occurs and why. The most important place in magnitude for this rejection is the detector, since for the kind of experiments performed with photons, their efficiency was at best 10%. Yet, if the rejection is to happen in the detector, the above local realistic model is not very satisfactory, for although the choice of rejected pairs is made locally independently of what is happening to the other part of the pair, a coupling between the detector and the analyzer is required to choose the discarded particles, as the rejection of each particle depends on the relative angle α between its internal polarization λ and the main direction ϕ of the analyzer. Hence, if the rejection is to happen in the detector, ϕ should be known either by the particle or by the detector, which does not seem very appealing from a physical point of view and is not supported by any experimental evidence whatsoever. Therefore, fair sampling seems indeed a reasonable assumption in this case.
However, what is important is not the magnitude of re- jections, but the selectiveness of these rejections. For this purpose, the analyzers providing two-channels measurement are much better candidates (Hofer, 2001) . Indeed the experiments carried on so far were not performed with Stern-Gerlach devices and atoms, but with polarizer beamsplitters and photons. While Stern-Gerlach devices can in principle perform an ideal two channel measurement on all emitted atoms, as the separation of the beam of atoms in two channels occurs in vacuum, the separation of the photons in two-channels by a polarizer beamsplitters does not occur in vacuum but in a solid, that is two birefringent prisms assembled together as a polarizer beamsplitter, so that assuming that a polarizer beamsplitter is an ideal analyzer similar to Stern-Gerlach device is a strong assumption. It would mean that the polarizer beamsplitter treats all impinging photons equally, providing a clear +1 or -1 as a result, while a 0 would occur independently of the internal polarization of the photon. The importance of this assumption is usually unrecognized, for instance, A similar problem arises for the analyzers, whose transmittances are not exactly equal to 1 or 0; however, the practical values of the transmittances of a good calcite crystal are not very different from the ideal ones. Hence it is reasonable to neglect their possible effects (Pappalardo and Rapisarda, 1980) . Even though it was acknowledged on some rare occasions, as in [...] it is fundamental to observe, as HORNE did at p.40 of his thesis, that there is a "third channel of reflection and absorption which depletes the total ensemble" of photons to be detected. [...] Assumption 0. The ensemble of photons reflected or absorbed by a two-channels polarizer is a "good sample" of the total ensemble of the photons "impinging" on its front surface, i.e. the sample does not depend either from the polarizer orientation ϕ, or from any eventual hidden variable λ of the photon.
[...] Very unfortunately, it seems impossible to accept assumption 0, at least in a theory (like the hidden-variable one) which demand to complete in a deterministic way the QM: how may we require, in effect, that the destiny of a photon is independent of its hidden variable λ and of the question (characterized by the parameter ϕ) that we put to it ? Such an order of considerations brought HORNE to materially substitute the twochannels polarizer with a one channel one [...] . (Garrucio and Rapisarda, 1981) the problem was obviously not considered serious enough to prevent the possibility of an experimental test using these polarizers. Note that nowadays, this choice made by Horne for the use of one-channel polarizers seems to have been forgotten, as the use of two-channels polarizers has prevailed and is understood as an improvement (Jaeger and Sergienko, 2001 ) over the one-channel experiment.
Nevertheless, in our view this assumption of fair sampling cannot a priori be taken as reasonable for twochannels polarizers. In other words, our hypothesis is on the contrary that the polarizer beamsplitter is unfair.
IV. POSSIBLE PHYSICAL EXPLANATIONS FOR UNFAIRNESS OF POLARIZER BEAMSPLITTERS
We thus suppose that the detectors are ideals, but that the shaky photons have a greater probability to remain undetected because of the unfairness of the polarizer beamsplitter. The first possibility for such a behavior is that the shaky photon might have a greater probability than other photons to be reflected at either of the external surfaces of the polarizing cube, or absorbed inside it. Reflection can occur since the photons strike the external surfaces at right angle, so that the probability of reflection is always non negligible. Absorption can occur since however perfect is a crystal, it will always display a non negligible absorption due to the very atomic structure of the crystal. Actually the shape of the transmittance curve as a function of the wavelenght reflects this atomic structure, which is responsible for the interesting birefringent properties of these crystals. The possibility that this very same structure could be responsible for a larger aborption or reflexions of shaky photons must not be neglected, as the shaky photon has its internal polarization oriented between the two main directions of vibration corresponding to ordinary and extraordinary rays.
Another possibility is that the state of the impinging shaky photon is modified in such a way that it has a greater probability to remain undetected than others. In EPR experiments the entangled particles are quantum of light. They are understood as such as corpuscules, and the above physical explanations should be explainable with corpuscule-like behavior. The intuitive understanding of what is going on in the polarizer beamsplitter is that each photon behaves like a particle indeed, and thus choose one channel, either up or down. However, light can be described by waves and classical fields, and although the source sends pairs of entangled photons, one can wonder what would be the result of picturing the impinging photon not as a corpuscule but as an electromagnetic wave. In this case, the wave impinging on the surface of the birefringent medium would split into two waves with reduces intensities, a slow one and a fast one. One will be reflected, the other will be transmitted by the polarizer beamsplitter as a whole. The fact is that the greater intensity of the outgoing waves in both channels would actually be the smallest for shaky photons. So, one might miss the detection more often for shaky photons if the probability of detecting such a signal is proportional to this intensity. Another possibility would be that due to the difference between the velocities of the two principal directions of oscillation in the crystal, a phase difference between the components might induce that they can interfere, which might have greater consequences for shaky photons.
These possible explanations for unfair sampling might seem unreasonable for various reasons, but we would like to stress that it should be possible whatsoever to test their implications, that is to test the unfairness of the analyzer.
V. TESTING THE FAIR SAMPLING ASSUMPTION
The fair sampling is reputed to be untestable. Yet, it is rather difficult to find in the literature any clear justification for this impossibility. At best some statements can be found relative to the one-channel type experiments:
[...] an additional assumption must be made: that if a pair of photons emerges from [the polarizers] the probability of their joint detection is independent of [the orientations of the polarizers]. It may appear that the assumption can be established experimentally by measuring detection rates when a controlled flux of photons of known polarization impinges on each detector. From the standpoint of hidden-variable theories, however, these measurements are irrelevant, since the distribution of the hidden-variables when the flux are thus controlled is almost certain to be different from the ρ(λ) governing our ensemble. (Clauser et al., 1969) But it is rather difficult to find such a justification for the two-channels type experiment. Could it be that the impossibility to test fair sampling in the one-channel case was transposed to the two-channels case without further ado?
Contrary to what is stated in the above extract, we intend to show that varying the probability distribution ρ(λ) governing our ensemble seems precisely the key to a test of fair sampling in the two-channels case, since what is at stake with the fair sampling assumption is not the probability distribution of the source, but the fairness of analyzers and detectors with respect to the emitted pairs. Besides, note that attempting to justify fair sampling on the basis of the symmetry of the experimental scheme, as in This assumption is highly reasonable with our very symmetrical scheme, where the two measurements results +1 and -1 are treated in the same way (the detection efficiencies in both channels of a polarizer are equal). All data are collected in very similar experimental conditions, the only changes being rotations of polarizers. (Aspect et al., 1982) is not a convincing argument since our local realistic model fulfils exactly to the same requirements, although it exhibit unfair sampling.
The first idea to test fair sampling is that errors due to unfair sampling are not independent in the model presented above. The dice for each pair is thrown only once, and then the −1, 0, and +1 depend deterministically on the setting ϕ of the analyzer and in the internal variable λ of the particle the source alone being random. Hence, the result 0 of the non detection is a measurement result no different in principle than are the −1 and +1, which no one would expect to be independents for particles belonging to the same entangled pair.
This error dependence can be exhibited by investigating the shape of the sum of all four coincidence rates R Fig. 3 . The variation appears less sharply and might be easily mistaken for a constant in a real experiment.
described above
3 with settings yielding a very strong violation of Bell inequality, and found that the size of R ϕ1ϕ2 T is not constant (see Fig. 3 ), where ϕ 1 = 0 and ϕ 2 is varied from 0 to π. This is clearly due to the fact that the errors are dependent: if both analyzers are oriented in the same direction modulo π/2, then the chances that only one particle remains undetected are smaller than for other relative angles, and since the total number of undetected particles is a constant, the total number of detected pairs is larger.
Yet, this effect might be difficult to observe in practice. We've carried on numerical simulation for a violation of Bell inequality closer to quantum predictions, i.e., with the same settings as in Fig. 3 , and found that the error dependence is more difficult to observe (see Fig. 4 ), not to mention that in our model no dark rates or no mistakes of any kind are implemented, the only random- ness coming from the source. We can but regret that the available information about observations of the total number of coincidences is at best mentioned matter-offactly as being constant by experimentalists. Considering the importance of the fair sampling assumption, this would obviously require more than that, not to mention that in some cases a careful reading of the available data (Thomspon and Holstein, 2002) can lead to question that kind of statement.
In any case, since a local realistic model with independent error can be built (Larsson, 2000) , the above test cannot be regarded as a conclusive one if no variation is observed. Nevertheless, as was stated above unfair sampling can be exhibited much more clearly by controlling the source. Within a local realistic framework, this is done by using a source state with probability distribution centered on a particular value θ, instead of using the rotationally invariant source of entangled state. We implemented this by simulating a Malus law behavior for our polarizer beamsplitters (see Fig. 5 ), which was done by giving a gaussian distribution to the output polarization of the photons in the considered channel (+1 in this case). In other words, the output state of the particles was modified according to the context of the encountered polarizer. In a quantum formulation, this is nothing but the collapsing of the initial vector state, from the rotationally invariant singlet state to | + + θ . Then for all pairs λ ≃ θ +k.π, so that if both analyzers are oriented in the same direction ϕ 1 = ϕ 2 = ϕ, the sum of all four coincidence rates R T drops when ϕ = θ+π/4+k.π/2, because then almost all particles are shaky. The numerical simulation with the same settings as for the realistic violation of Bell inequality of Fig. 3 , and θ = 0, shows a much clearer characteristic of unfair sampling (see Fig. 6 Fig. 3 ). The variation due to unfair sampling appears sharply.
to observe even with some noise and not so bright and accurate source of entangled photons. 5 It seems possible to implement this test in experiments, all one needs is to control the source, which could be done just like was done with the model by inserting aligned polarizers oriented along an angle θ in the coincidence circuitry before the polarizer beamsplitters, both oriented along the same angle ϕ. If the sampling is fair then R T should remain a constant when the angle θ is varied with respect to ϕ, and no such oscillations as in Fig. 6 should be observed. We would like to stress that it is important to perform this test within the coincidence circuitry, for some of the possible physical explanations given above might be observable only in this setup.
VI. CONCLUSION
Most experimental tests performed nowadays are focused on producing better sources of entangled photons or discarding some very specific loopholes by striving for instance to achieve true randomness and space-like separation of polarizers orientations. However, the loopholes closed this way are rather uninteresting from a realist point of view, as building a local realistic model that would exploit such bizarre loopholes is far from being appealing, and nearly no one would probably consider such a model as a sound physical explanations. How could a particle be able to guess the next orientations of polarizers knowing the previous ones or to recognize a far away detector as valuable information for its own and we have observed the same sharp oscillations, so that to the best of our knowledge the test is relevant for all existing local realistic models based on the detection loophole.
behavior? The fact that this loopholes are possible in principle doesn't mean that they are physically relevant from a local realist point of view.
The detection loophole still remains the most stringent of all loopholes, so that the available EPR-Bell experiments would be far more convincing if efforts were made to systematically exhibit fair sampling instead of assuming it as being reasonable or likely. The fair sampling test we have proposed here should be simple to implement, and should allow to either discard all known local realist models based on detection loophole, or on the contrary to show that the analyzers which are assume to be ideal two-channels measuring devices are in fact unfair and therefore unappropriate for an EPR-Bell test.
